Polyphenols which are produced by plants are very important functional foods in our nutrition. Because of their diverse chemical structures, they are subject to main classification among them. The main groups of polyphenols are; flavanoids, lignans, stilbenes and phenolic acids. At the present time, the health effects of them have been investigated in several in vivo and in vitro studies. In addition to their antioxidant effects, they are known to have a pro-oxidant character. Polyphenols have important effects in protecting the body against external factors and the cleansing of reactive oxygen species which occur as a consequence of some diseases. Furthermore, polyphenols have effects on protection from specific diseases and stop their progression with certain mechanisms. In this review, various effects of polyphenols including antioxidant, pro-oxidant, cytotoxic, anti-inflammatory, antihypertensive, anti-diabetic are discussed which obtained from in vitro, in vivo experimental animal and clinical investigations.
Introduction
Plant-based foods in our diet consist of primary and secondary ingredients produced by plants. Plants synthesize secondary metabolites such as terpenes, saponins, glycosides and polyphenolic compounds that are not present in all living things as well as primary metabolites such as carbohydrates, proteins and fats in order to maintain their growth and liveliness (1) . Most of the secondary metabolites are consisted of polyphenols. Polyphenols make up most of the components found in all vegetative organs, fruits and flowers. Plants produce polyphenols as secondary metabolites to protect themselves and interact with other plants. Also, polyphenols have an effect on the formation of bitter taste in plants.
Chemical Structure And Classification of Polyphenols
Polyphenols contain at least one aromatic ring and one or more hydroxyl groups, in addition to other components of them (2) . According to their chemical structure, they are classified as follows: Flavanoid, Lignan, Stilben and phenolic acids. The main classification of polyphenols is shown in Figure 1 .
Flavonoids
All flavonoid species are formed as a result of the biosynthesis of shikimic acid and acetate-malonate pathways together (3) . Flavonoid subspecies: a) Flavonol, b) Flavanol, c) Isoflavon, d) Flavon, e) Flavanon, f ) Anthocyanin (4) .
a) The richest sources of flavonols are onion (1.2 g/kg of wet weight), broccoli, leeks and blueberries. Tea and red wine contain about 45 mg/L flavonols. In general, these components are glycosylated with glucose and ramnose. Five to ten kinds of flavonol glycosides are in the content of fruits. For biosynthesis of flavonols in plants, exposure to sunlight is required. Greenish leaves of leafy vegetables such as lettuce and cabbage have 10 times more flavonol glycosides than the light-colored leaves inside (4) . b) Flavanols have two forms: Catechin in monomer structure and proanthocyanidin in polymer structure. Most catechins are found in fruit species. The richest sources are green tea, cocoa and red wine. However, black tea contains less flavanol in monomer form because green tea is oxidized during fermentation but is rich in theaflavin and thearubigine which are polyphenols in polymer form (4).
c)
Isoflavones are similar to estrogen as chemical structure and are most commonly found in soybean products. Because it binds to estrogen receptors in the body, it is classified as phytoestrogen. It usually contains three main molecules: Genistein, daidzein and glisitein (4).
d)
Flavones are most commonly found in dry tea leaves (especially chamomile), parsley, celery, chicory (5) . e) Flavanones are found in citrus fruits with the highest concentrations. The most important flavanones are hesperidin, naringen and eriodictyol. The major flavanone glycosides in orange (Citrus sinensis) are narirutin, a derivative of hesperidin and naringenin (6) . f ) Anthocyanins are found in eggplant, red fruits, cherry, strawberry and black grape (4) . Anthocyanins are dominant pigments that give plants the color of red, purple and purple pink. The pigmentation of flowers is determined by the type and amount of anthocyanin in the contents of the flower (7) . When lingonberry (Vaccinium vitis-idaea) which is grown in Poland and blueberries (Vaccinium myrtillus L.) are compared in terms of phenolic ingredients they contain, blueberries have shown more antioxidant activity. It was found that increased anthocyanin content in blueberry increased the effect of radical cleansing and antioxidant activity (8) .
Lignans
Flax seed is the richest source of lignan called secoisolariciresinol diglycoside (SDG). The lignan complex isolated from flax seed contains 34-38% SDG, 15-21% sinnamic acid glucoside and 9.6-11% hydroxymethyl glutaric acid. It is metabolized by anaerobic intestinal microorganisms and converted to lignans called enterolactone and enterodiol (9) .
Stilbens
The most common of stilben subtypes is resveratrol. It is found in grapes, red wine and some forest fruits. It is very limited to use in the body because it is taken in a very little amount in daily diet. However, recent studies were carried out to increase bioavailability of resveratrol in the body and to understand the various functions of resveratrol. It is known that it has anticancer effect and has remarkable properties in the treatment of neurodegenerative diseases (10) .
Phenolic Acids
Phenolic acids are divided into 2 types: 1-) Benzoic acid and derivates, 2-) Cinnamic acid and derivates a)Benzoic acid and derivates: The concentration of hydroxybenzoic acid in plants is usually very small, a certain amount of it is found in red fruits, onion and black radish (4). b)Cinnamic acid and analogues: They are caffeic acid, ferulic acid and p-coumaric acid. Hydroxycinnamat, the major phenolic substance in the cherry, is found at highest concentration in the outer membrane of the cherry (11) .
Bioactivities of Polyphenols
Polyphenolic compounds are known to have many biological activities. The most common features of polyphenols with a wide range of biological activities are their antioxidant and prooxidant characters (12) . Figure 2 shows the biological activities of polyphenols. The potential role of polyphenols in preventing and/or treating chronic diseases such as cardiovascular and neurodegenerative diseases and cancer is extremely important which (13) . 
Anti-oxidant Activity
Reactive oxygen species (ROS) are characterized by a nonstable high-energy oxygen atom containing a double-formed electron in the outer orbitals (14) . ROS are mainly composed of superoxide radicals (O 2 -), hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals (OH -). ROS production occurs in most aerobic organisms. Ultraviolet rays around us, radiation, cigarette smoke, aging, pathogenic invasion are factors that increase the formation of ROS (15, 16) . Low doses of ROS in the body play a role in cell signal transmission. However, excessive ROS cause some harmful effects. For example, oxidative stress occurs as a result of the imbalance between ROS production and metabolism. However, the development of oxidative stress and its effect on the cell depends mainly on the ability of the organism to maintain its dynamic balance of redox state (16) . As ROS accumulate, the function of cells and tissues deteriorates and this accumulation causes various conditions such as cancer, atherosclerosis, and neurodegenerative diseases (17, 18) . ROS production occurs in plants as well as animals. Plants produce ROS to protect themselves against pathogens and external stress. Plants and animals use similar systems to respond to ROS (19) . The human body needs endogenous antioxidants as well as exogenous antioxidants to minimize effects of ROS. In this respect, polyphenols that show antioxidant activity are extremely important in terms of human health (15) . Polyphenols protect cells and tissues against oxidative damage by acting as antioxidants. They do this by cleaning radicals and by protecting DNA from oxidative damage and LDL from peroxidation (12) .
Low doses of phenolic terpens called carvacrol in essential oils of plants from the Lamiaceae family were shown to play an important role in the prevention of diseases such as cancer due to their antioxidant activity (20) .
The drug, cisplatin (CP), used in the treatment of cancer, has toxic effects on liver, kidney and genes. In a study conducted on rats, it was shown that when rats were first treated with naringenin-oxime (NOX) which is produced from naringenin and then CP was injected to rats, NOX showed an antioxidant effect and reduced the oxidative stress and DNA damage (21) .
Pro-oxidant Activity
Polyphenols are often known for their antioxidant structure. However, high doses of some polyphenolic compounds were shown to cause DNA damage, apoptosis, and cell death. (12, 20) . Free radicals damage DNA, lipids and proteins in the cell. Phenoxyl radicals, which are produced during cleaning of free radicals by some plant polyphenols, oxidize proteins and lipids and thus show pro-oxidant activity. Flavonoids and tannic acid, for example, cause DNA degradation due to the formation of hydroxyl radicals as a result of Fenton Reaction in the presence of copper (II) (12, 22) . In addition, some flavonoids may show prooxidant activity in the presence of a free radical, NO (nitric oxide), and cause DNA damage (12, 23) . Although tea polyphenols are known as antioxidants, there is evidence that these components have pro-oxidant activity. High dose tea polyphenols show prooxidant activity in hepatocytes and cause toxicity (24) . High doses of polyphenols may inhibit carcinogenesis as a result of their effects that initiate apoptosis. Carvacrol and tea polyphenols increase ROS in cancer cells with a dose-dependent manner which is a sign of their pro-oxidant activity (16, 20) . Therefore, the dose of antioxidants in the treatment is extremely important.
Anti-cancer Effect
Since the normal level of antioxidant defense system in the cell is often insufficient to neutralize free radicals of endogenous or exogenous origin, there is a need for antioxidants of exogenous origin (25) .
Polyphenols have a protective effect against certain types of cancer. They inhibit the growth of tumors, and on the other hand they have cytotoxic effects on cancer cells, induce apoptosis in cancer cells and stimulate the activity of various enzymes (25) . Cytotoxic effects of polyphenolic compounds on cancer cells were found to be associated with their pro-oxidant activities. Prooxidant activity is related to the dose and molecular structure of polyphenolic compounds, oxidative state of the environment and the presence of free iron and copper.
An in vitro study on human breast cancer cells revealed that, between 5 flavonoids, myricetin showed the highest cytotoxic effect in the presence of copper ions. This suggests that the chemical structure of the polyphenols is different and that their cytotoxic effects on cancer cells are different (22) .
In an in vitro study, the effect of polyphenols which are abundant in grape seed and shell contents on human epidermoid carcinoma cells was investigated. According to the results, grape seed and shell stimulated apoptosis in skin cancer cells and caused various morphological changes. Therefore, alkaloids, flavonoids, saponins and tannins in grape content are of therapeutic importance (25) . Curcumin, the main active ingredient in turmeric, which has been used as a spice for many years, is a pigment and phenol that stands out with its anti-cancer and anti-inflammatory properties. Curcumin inhibits the division of tumor cells and increases the rate of death of cancer cells in some types of cancer. For example, in clinical trials performed on curcumin, it was determined that it was effective on breast, pancreas, and stomach cancers (26) . Tea and tea polyphenols have a protective and therapeutic effect on many organs. The potential antioxidant effect of tea polyphenols was observed in different animal carcinogenesis models. In these models polyphenols inhibit carcinogenic activity by activating various enzymes such as detoxifying glutathione S-transferase and superoxide dismutase, and they prevent the onset of cancer. According to results obtained from in vivo experiments, tea and tea polyphenols are antioxidants, as well as they inhibit colonization of tumor-initiating cells. Thus, it restricts the progression of carcinogenesis to early dysplastic stage in the treatment process (27) .
Anti-atherosclerotic Effect
Polyphenols from various plant foods have a protective effect on cardiovascular system by various mechanisms (preventing oxidation of LDL, increasing HDL, reducing LDL and triglycerides). The most studied herbal foods with anti-atherosclerotic proporties are; extra virgin olive oil, bitter chocolate, black and green tea, forest fruits, citrus fruits and grapes (28) . LDL, which is made up of lipophilic structures, is one of the causes of atherosclerosis when oxidized. Several studies have shown that some polyphenols protect LDL from oxidation (4) . Olive oil polyphenols protect LDL from oxidation and also contribute to down regulation of gene expression that causes it (29) . It is reported that resveratrol (30) and tannic acid (31) have anti-atherosclerotic effects by improving endothelial dysfunction in cell culture studies and animal and human experiments.
Anti-metabolic Syndrome
Metabolic syndrome is a condition caused by the clustering of cardiometabolic factors such as dyslipidemia, high blood pressure, blood sugar regulation disorder, abdominal obesity (32) . The possible mechanism of influence of polyphenols on metabolic syndrome is to improve these factors.
In a study of Polish adults, the association between daily polyphenol intake and prevalence of metabolic syndrome was examined. When daily polyphenol intake was grouped according to age, taken total energy and gender, significant results were achieved (33) . The body mass index (BMI) , waist circumference (WC), blood pressure and triglyceride levels were significantly lower in individuals taking more polyphenols, while a linear correlation was found only with WC and BMI. High polyphenol intake in women was negatively correlated with blood pressure, high LDL cholesterol and triglyceride levels, whereas high polyphenol intake in both genders was negatively correlated with fasting plasma glucose. Polyphenols including phenolic acid and stilben are significantly associated with metabolic syndrome. It was found that lignans and stilbens were associated with WC, phenolic acids with blood pressure and triglycerides and flavonoids with fasting plasma glucose (33).
Basu et al. randomized 35 individuals with obesity and metabolic syndrome into groups consisted of 3 individuals based on age and gender in a randomized controlled clinical trial. Water (4 cups/ day), green tea (4 cups/day) and green tea extract (2 capsules/ day) were randomly given to individuals in the groups for 8 weeks. In binary comparisons, weight loss and reduce in body fat mass in individuals who consumed green tea or green tea extract compared to control group (34) .
Curcumin has a significant protective effect on fatty liver disease, which can develop due to the fat dysfunction seen in the metabolic syndrome. In a prospective cohort study of 100 patients with metabolic syndrome, patients were given 400 mg of curcumin per day for one year. At the end of the study, morphological changes in liver were visualized by ultrasound and improvement was observed (35) .
Anti-obesity Effect
Polyphenols affect obesity by inhibiting pre-adipocyte differentiation, reducing adipocyte proliferation, stimulating adipocyte apoptosis, suppressing lipogenesis and contributing to lipolysis and beta oxidation of fatty acids in in vitro conditions. The anti-obesity effect of epigallocatechin gallate (EGCG) and green tea extract has been shown in cell culture, animal and human models (34, 36) . On the other hand, EGCG reduces the release of resistin, an inflammatory adipokine, which is a derivative of adipocyte. Resistin is also associated with insulin resistance and cardiovascular disease risk. Because visceral fat stores contribute to chronic inflammation in obesity, it is important to reduce oxidative stress and ROS molecules (37) . In this regard, since green tea acts as an antioxidant, it can be effective in reducing the destructive effect of ROS molecules and in suppressing the inflammation in the development of obesity (10) .
Anti-hypertensive Effect
Cocoa is a plant that is extensively searched in scientific interventional research on human beings. Cocoa beans contain polyphenolic component up to 6-8% of their dry weights. Cocoa accommodates plenty of flavonols, especially epicatechin, catechin and procyanidin within. It is known that flavanolrich cocoa products improve endothelial function, reduce the sensitivity of LDL to oxidation, and increase endotheliumdependent vasorelaxation (38, 39) . The effect of cocoa flavanols on endothelium-dependent vasodilation is accepted by the European Food Safety Authority ( EFSA) (38) .
In a study by Grassi et al. (39) , 19 hypertensive patients with glucose tolerance disorder were randomized and a group of patients were given 100 grams of bitter chocolate rich in flavanol for 15 days and the other group was given the same amount of flavanol-free white chocolate. Fifteen days later, treatments were exchanged. Insulin resistance and systolic and diastolic blood pressures decreased and insulin sensitivity increased in bitter chocolate eaters. In a meta-analysis, it was found that the quercetin was significantly effective in reducing blood pressure (40) .
Anti-microbial Effect
Anti-microbial activity of polyphenols on a wide range of microorganisms is investigated. However, especially flavonoids have more anti-microbial effects than other polyphenols. In addition, most flavonoids are highly important because they suppress microbial virulence and show synergism with antibiotics (41) .
In a study on thyme plant rich in polyphenols and flavonoids, the antibacterial effect of thyme extract on gram-positive bacteria (Staphylococcus and B.subtilis) and gram negative bacteria (E.coli and P. Aeruginosa) was investigated. According to this; thyme extract inhibited the growth of tested bacteria from medium to high level. Maximum effect was observed against P.aeruginosa (42) . EGCG, the tea polyphenol, has anti-microbial, antifungal and antiviral effects. It inhibits the binding of the influenza virus to the target receptor on the cell (41) . In a study by Seo and Choi (43) , mouse raw 264.7 macrophage cells were treated with five flavonoids including EGCG, quercetin, fisetin, daidzein and ECG. According to this, the release of antiviral agents was regulated up by all flavonoids and neuroviruses were significantly inhibited (43) . Polyphenols in olive oil provide bacterial inhibition. Various extra virgin olive oils obtained from different geographical regions of Turkey have provided microbial inhibition of some important nutrient pathogens (E. coli O157:H7, Listeria monocytogenes and Salmonella enteritidis). However, this effect was not observed in refined olive oil, hazelnut and canola oils (44) .
Anti-diabetic Effect
A diet rich in polyphenols reduces the risk of development of diabetes. Various polyphenols positively regulate insulin and (glucagon-like peptide-GLP-1) pathways. In addition, polyphenols increase insulin sensitivity in peripheral tissues (45) . In a randomized and controlled study of overweight/obese adult individuals; the effect of diets rich in polyunsaturated fatty acids, in long chain omega-3 fatty acids and in both on blood glucose for 8 weeks. Foods rich in polyphenols are bitter chocolate, extra virgin olive oil, decaffeinated coffee green tea, cranberry jam and polyphenol-rich vegetables. In a study, polyphenols taken with diet reduced blood glucose levels and increased early insulin secretion in 3-hour OGTT (oral glucose challenge test) at the end of eight weeks compared with 3-hour OGTT performed before the study (46) . It is known that cinnamon has many beneficial effects on hyperlipidemia and use of glucose. In a study conducted on rats, cinnamon extract reduced visceral fat mass, liver weight, serum glucose level and insulin concentration (47) . Palm has gastric-protecting, anti-cancer, anti-inflammatory, and anti-hyperglycemic effects and is a very common fruit in some communities. Palm contains phenolic acids from polyphenols, lignans, isoflavones, flavonoids and tannin. In addition, it strongly inhibits the α-glucosidase and α-amylase enzymes and thus regulates the absorption of glucose from the intestines and contributes to the normal glucose balance. Therefore, it is a potentially effective fruit in preventing and controlling diabetes mellitus (48) .
Anti-inflammatory Effect
Some plant polyphenols have effects on immune system and inflammatory cells. Some phenolic agents influence cytokine and cytokine receptors, while others affect the secretory process (12) .
Chlorogenic acid is a phenolic compound formed by esterification of caffeic acid and quinic acid. This compound has been shown to have an anti inflammatory effect in various animal experiments. Ohkawara et al. (49) injected 20mg/kg or 40mg/kg chlorogenic acid to rats, and pancreatitis was subsequently initiated. The histological effects of pancreatitis decreased in rats given 40 mg/ kg chlorogenic acid. The macrophage migration inhibitory factor (MIF) level, which is a pro-inflammatory cytokine, decreased in serum and pancreas (49) .
The grape peel extract, rich in Anthocyanidin, when combined with a high-fat diet on mice caused various metabolic changes (weight gain, dyslipidemia, insulin resistance, change in some hormones released from adipose tissue), but inflammatory markers such as TNF-a, IL-6 decreased significantly (50).
Conclusion
Polyphenolic compounds, which are secondary metabolites produced by plants, are a large group of molecules of different chemical structure. In addition to the effects of polyphenols on many diseases such as anti-hypertensive, anti-microbial, anti-obesity, anti-diabetic effects in humans and animals; the most remarkable and well-they antioxidant effect prevents the formation of ROS when used in low doses and prevents many diseases such as cancer. However, high doses of certain polyphenols may have a pro-oxidant effect and cytotoxic and apoptotic effects especially on cancer cells. This situation also offers the option of polyphenols for the treatment of such disease. 
